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Abstract

The accepted image of muscovite mica is that of an inert and atomically smooth surface,
easily prepared by cleavage in an ambient atmosphere. Consequently, mica is extensively
used a model substrate in many fundamental studies of surface phenomena and as a substrate
for AFM imaging of biomolecules. In this review we present evidence from the literature
that the above picture is not quite correct. The mica used in experimental work is almost
invariably cleaved in laboratory air, where a reaction between the mica surface, atmospheric
CO. and water occurs immediately after cleavage. The evidence suggests very strongly that
as a result the mica surface becomes covered by up to one formula unit of KoCOj3 per nm?,
which is mobile under humid conditions, and crystallizes under drier conditions. The
properties of mica in air or water vapour cannot be fully understood without reference to the
surface K2CO3, and many studies of the structure of adsorbed water on mica surfaces may
need to be revisited. With this new insight, however, the air-cleaved mica should provide
exciting opportunities to study phenomena such as two-dimensional ion diffusion, electrolyte

effects on surface conductivity, and two-dimensional crystal nucleation.

Keywords: mica, muscovite mica, adsorption, potassium carbonate, water structure, capillary

condensation, atomic force microscopy, surface forces
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1. Introduction

Muscovite mica is the substrate of choice for an ever increasing variety of experiments
involving surfaces. Historically, studies of epitaxial crystal growth on mica go back at least
to the first half of the nineteenth century [1; 2], and contact angle measurements of liquids on
mica were also reported at a very early stage [3]. Gas and vapour adsorption work was
carried out in the early twentieth century by Langmuir [4], and later Bangham and co-
workers [5; 6], who also did wetting experiments [7]. Other early worked focussed on the
insulating properties of mica [8], and its use in capacitors and in quarter-wave plates. So
widespread was the use of mica in electrical equipment that it was apparently referred to as
“the most important single war material” during the Second World War [9]. One of the first
studies to take advantage of the unique properties of muscovite mica is from 1930 and
describes how the surface free energy of mica may be determined by measuring the force
required to split a piece of mica along the basal plane [10]. Subsequently, the atomically flat
nature of the mica surface was established by the work of Tolansky, who developed multiple-
beam interferometry as a tool for studying the surfaces of crystals [11-13]. This led to the
wide-spread use of mica for measuring frictional [14] and surface forces [15]. A summary of

these early developments was given by Tabor [16].

Muscovite mica has been used for decades as a substrate for the preparation by vacuum
evaporation of supporting carbon films for Transmission Electron Microscopy (TEM) [17]. It
was adopted for use in Atomic Force Microscopy (AFM) soon after the invention of the
technique, principally as a supporting surface for the study of molecular and nanoscale
systems [18]. The atomic flatness of the (001) basal cleavage plane is the key reason for the
use of mica in both these types of microscopy. The atomically flat nature of the mica surface
has also led to its use as a template to create smooth surfaces of other materials, such as silver

[19] or gold [20; 21]. Among other important properties are the high surface energy and



water wettability of mica, which ensure strong adsorption of molecules and other nanoscale
objects in air or vapour. It has also been suggested that mica was involved in the origin of life
on earth by acting as a selective adsorbent for nucleotides [22] or even a template for DNA

[23; 24].

The focus of this review has its origin in some very early observations made with water
condensed from vapour between mica surfaces in the Surface Force Apparatus (SFA)
published in 1973 [25] by Israelachvili. Over subsequent decades it was slowly realised that
the surface of muscovite mica that has been cleaved in an ambient atmosphere is very far
from the inert and atomically smooth substrate that many, if not most, still assume. This
emerged both from numerous experiments with the SFA, as well as from investigations of the
mica surface with various surface analytical techniques. Taken together, these two separate
and quite independent lines of investigation have led to the conclusion that a water-soluble
potassium compound, most likely potassium carbonate, is present on air-cleaved mica
surfaces. The extent to which this influences experiments with mica surfaces in vapour or in
non-aqueous liquids is in some cases very clear, as when water condensed between mica
surfaces exhibits the properties of a concentrated electrolyte solution. It is equally certain that
the Ko2COs3 can have no effect on the properties of the mica surface after it is immersed in
bulk water or aqueous solution, thereby dissolving the K2COs. In other cases, however, the
possible effects are not easy to predict. In particular, the influence of the potassium
carbonate on the results of many Scanning Probe Microscopy (SPM) studies of mica in
vapour is not clear, and it may in some cases be necessary to revise the conclusions drawn
from these experiments. Similarly, simulations or theoretical work based on an idealised
surface of potassium ions randomly distributed over fixed sites on a molecularly smooth and
regular, two-dimensional crystal lattice may not always be relevant to an air-cleaved mica

surface.



We believe that the presence of potassium carbonate on air-cleaved mica surfaces has been
proven beyond reasonable doubt, and it is in this spirit that this review has been written. It is
nevertheless true that in the absence of a definitive chemical analysis showing its presence

some shadow of a doubt must remain.

This review will begin by describing the bulk crystal structure of muscovite mica and the
structure of the basal plane exposed on cleavage. Then, the possibility of exchange of the
potassium ions that are distributed between the two surfaces on cleavage of the layered mica
structure will be discussed. We will then describe experiments involving controlled cleavage
of mica, which give a measure of the surface free energy and information on the manner in
which the ions are distributed between the two surfaces, which in turn determines the surface
charge that develops as the mica is cleaved. The use of mica in the Surface Force Apparatus
and experiments which led to the discovery of the ionic compound on the surface will then be
reviewed, followed by surface analytical investigations of the mica surface. Thereafter, we
will give an overview of wetting and water vapour adsorption experiments, and recent work
on the structure of water adsorbed from vapour on mica surfaces, with particular focus on
scanning probe microscopy (SPM) experiments. We then discuss some work on DNA
deposited from bulk solution and studied on the mica surface in humid atmospheres using
AFM, which involves surface ions and also gives some information on the distribution of
charge across the surface. Finally, we examine some cases where the potassium ions appear
to be involved in epitaxial crystal growth on mica, and then touch on the possible mechanism
behind the formation of potassium carbonate on cleavage of mica in air. We end by
discussing ways in which experiments with air-cleaved mica surfaces may be adapted to

become easier to interpret.



2. The Crystal Structure of Muscovite Mica

Muscovite mica is a layered phyllosilicate and hence a member of a group to which some of
the most common minerals in the earth’s crust belong, including clays such as
montmorillonite, illite and kaolin. Linus Pauling first proposed the general structure of
complex crystals such as the silicate minerals in the 1920s [26; 27], at the time when the first
results of X-ray diffraction studies were becoming available [28]. The most abundant sub-
group of phyllosilicates are the micas [29], which have a layered structure consisting of two
tetrahedral sheets on either side of an octahedral sheet, and these 2:1 layers are bound
together by interlayer cations (Figure 1a). The tetrahedral sheet consists of a honeycomb
arrangement of hexagons of SiOj tetrahedra, where each tetrahedron shares three oxygens
with the adjacent tetrahedra. Some of the SiO4 tetrahedra are replaced by oxygen
tetrahedrally co-ordinated around Al, less commonly Fe, or more rarely, Be, which gives rise
to a net electron deficiency. The Al substitution is random (see Section 3) with the proviso
that Lowenstein’s avoidance rule forbids adjacent AlO4 that are linked by one oxygen only
[30]. The fourth oxygen in each tetrahedron points in a direction normal to the tetrahedral
sheet, and forms part of the octahedral layer. Two oxygens from the tetrahedral layer,
together with an unshared OH group lying below the centre of the Si04hexagon of the
tetrahedral layer (Figure 1b), form the three corners of the face of an octahedron parallel to
the basal plane. At the centre of each octahedron is a cation, usually Al, Fe or Mg. The OH
group may be partly or fully replaced by fluorine in some micas. Below the octahedral layer
is a second tetrahedral layer, once again sharing two oxygens per tetrahedron. The stack of
2:1 layers is held together by interlayer cations situated between two SiO4 hexagons on
opposing surfaces. These interlayer cations compensate for the excess negative charge in the
2:1 layers that is caused by vacancies in the positions of the octahedral cations,

dehydroxylation of the OH groups, or most commonly, by substitution either of trivalent



metals (usually Al or Fe) for Si in the tetrahedral positions, or of divalent metals for Al in the

octahedral positions.

The micas are classified into trioctahedral, where all three octahedra in the smallest structural
unit have cations at their centre, or dioctahedral, where there is a vacancy at the centre of
every third octahedron. The valency of the interlayer cation allows for another level of
classification; into true micas with a monovalent cation (usually Na* or K*), or into brittle
micas where the cation is divalent, most often Ca?* or Mg?*. Both true and brittle mica can
be either dioctahedral or trioctahedral. The interlayer cohesion is much larger for the brittle
micas due to the greater charge of the cation, which leads to their characteristic brittleness,
whereas the much lower interlayer cohesion of the true micas gives them their typical

flexibility and ease of cleavage along the basal plane.

Muscovite mica is a dioctahedral true mica with the layer charge arising from a 1 in 4
substitution of Al for Si in the tetrahedral layer, and the 2:1 layers held together by K*. The
unit cell of mica contains 4 formula units of composition KSi3Al3010(OH)2 and the
parameters of the monoclinic unit cell are a =0.519 nm, b =0.901 nm, ¢ =2.00 nm and 3 =
95.8° (Figure 1c). In the rest of this review we shall take the term “mica” to mean
specifically “muscovite mica”. Since mica is a naturally occurring substance there are
variations in the exact composition, and isomorphous replacements are common, most
commonly Na for K, and Mg or Fe for octahedral Al. Over the years a number of refinements
of the structure of muscovite mica have been made, and the crystallographic literature
contains a number of detailed discussions of the structure of muscovite mica[27; 28; 31-33]
most of which is of no concern for this review. It is, however, important to be aware of some
of the instances where the structure of muscovite mica deviates from the ideal picture
presented above. Similar but usually less pronounced structural distortions occur with other

phyllosilicates.



In the octahedral layer only 2 out of 3 sites are occupied by an Al, and each empty site is
surrounded by a hexagonal array of occupied sites. This causes a shift of the apical oxygens
(the ones that are shared with the tetrahedral layer) towards the Al** and away from the
empty octahedral sites, leading to a distortion of the hexagonal rings of apical oxygens. In
order to reduce the strain associated with a misfit of an estimated 3-5% between the
octahedral and tetrahedral layers adjacent SiO4 tetrahedra are rotated in opposite directions,
thereby bringing the basal oxygens closer to the octahedral sites. The result is that the
hexagonal symmetry of the ideal SiOg ring is replaced by ditrigonal symmetry, where only
alternate angles of the hexagon are equal (Figures 1c, 2a and 3). Finally, the SiO4 tetrahedra
must tilt so that the apical oxygens that form part of the octahedral layer adjust to the two
longer edges of the distorted hexagons of apical oxygens. This leads to a shift of four of the
six oxygens to form a puckered ring around each potassium ion. As a consequence of the
hexagonal to trigonal change in symmetry, the amount of space available to the interlayer K*
is reduced, which forces adjacent 2:1 layers apart by 0.06 nm so that the basal oxygen

surfaces of opposing tetrahedral sheets are no longer in contact [31].

In the above we have ignored the structural diversity resulting from a stagger of the upper
tetrahedral layer with respect to the lower tetrahedral layer adjacent to each octahedral layer.
This results in structural variations known as polytypes which depend on the direction of
stagger in the plane of the sheets [29; 34]. These are not of any consequence for the surface
effects that this review is concerned with, and in any case muscovite mica is almost always of

a polytype known as 2M;.



3. The Surface Structure of Cleaved Mica and the Exchange of Surface Ions

AFM is ideally suited to imaging very flat crystalline surfaces like mica down to atomic
resolution, and the mica lattice is often used as an imaging standard for nanoscale calibration
of the piezoelectric scanners in an AFM. Indeed, mica has been important as a resolution
standard to aid understanding of AFM operation as well as in the development of AFM
instrumentation [35-38]. A key challenge for AFM has been to achieve reproducibility, which
requires good control of the interaction force between tip and sample, and is made difficult by
the variable sharpness of commercial tips. Development of the instrumentation, imaging
modalities and the force probes, however, has improved the quality and consistency of AFM

data over the last two decades.

Early AFM studies of the mica surface employed contact mode where the tip is in continuous
repulsive contact with the surface. This typically involves interaction between tens and
hundreds of atoms, even if the AFM tip is atomically sharp, which yields atomic lattice
resolution but may not give true atomic resolution. There are only a few AFM studies of mica
cleaved and maintained in vacuum (UHV) and these investigated lateral forces and friction,
and include Friction Force Microscopy (FFM) images involving stick-slip interactions,
which gave insufficient resolution to distinguish the atomic lattice [39; 40]. The periodicity
of the mica lattice can also be resolved in air by FFM [41; 42], and it is consistent with the
expected unit cell dimensions of mica [43]. Sometimes, the very large attractive forces in air
due to van der Waals and capillary interactions mean that significant damage can occur as the
tip is dragged across the surface, resulting in a loss of lateral resolution. Indeed, by exerting
forces >100 nN on mica using the AFM tip it is possible to mechanically wear through the 1
nm thick 2:1 layers between the K* ions, i.e. a half-unit cell ¢ dimension at a time [44]. More
detailed studies of wear on mica using a silicon AFM tip gave more insight into the process.

Firstly, water plays an important role since physical damage in vacuum could not be achieved

10



up to loads of 400nN [45]. At high humidity (>70%), the presence of water reduces frictional
forces [46] but can also lower the threshold load at which wear occurs [45]. This implies that
water is involved in wear through an activated chemical process under the pressure of the
AFM tip. Using contact mode atomic lattice imaging inside wear holes created on mica with
the same tip, it was shown that wear can occur via the removal of just one layer of Si0O3

tetrahedral units, by removing half the unit cell, or a combination of both [45].

The best AFM images of the mica lattice are obtained in a liquid environment, where the
long-range attractive Van der Waals interaction between tip and surface is significantly
screened, enabling tip tracking of the surface with a smaller net force. Kuwahara has made
perhaps the most detailed investigations of the mica lattice structure using contact mode
under water with soft cantilevers of spring constant, k ~0.1 to 0.5 N/m [47; 48]. In this work
he also reviewed images published in the 1990s and found that there were two basic image
types that showed either, 1) the hexagons of the silica tetrahedra that make up the basal plane,
or i1) an hexagonal array of bright spots about 0.53nm apart, consistent with the a dimension
of the unit cell [34] (Figures 2 and 3). The first category of image clearly looks like the
hexagonal mica lattice close to atomic resolution. The second category has been proposed to
arise from the detection of the K* ions in the hexagonal cavities [49], although as Kuwahara
pointed out, this is unlikely due to the ion exchange that often occurs upon immersion in
aqueous solution (see below). Kuwahara found that the observation of one or the other of
these cases appeared to depend on the direction of the cantilever long axis relative to the fast-
scan direction [47]. Hence, a simpler interpretation is that with a change in the frictional force
signal as the scan axis varies, the image changes from one depicting a hexagon of six basal
plane oxygens surrounding a ditrigonal cavity, to one showing hexagonal arrays of three

basal plane oxygens, where each triplet of oxygens appears as a bright spot [47] (Figure 3c).
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Note, however, that a transition from one image type to the other may also occur without a

change of scan direction [34].

Kuwahara based his conclusions on over 200 separate scans, and his study shows clearly the
ditrigonal symmetry of the silica tetrahedra (Figures 2 and 3). Further analysis indicates that
while tetrahedral rotation is responsible for the ditrigonal symmetry, the distance between
hexagons also alters across the surface. This is a surface relaxation effect, due to additional
tetrahedral rotation after cleavage since the K* are too large for their ditrigonal cavities in the
bulk crystal, and of these cavities some increase in size while others must decrease in size
after cleavage. The end result is that there is about a +5 % variation in the a and b unit cell
dimensions across the cleaved mica surface This work is strong evidence that AFM is
capable of resolving finer details of the atomic structure, and Kuwahara also compared AFM
images of muscovite and phlogopite (a magnesium-potassium aluminosilicate) surfaces with
the bulk structure from X-ray diffraction [31] and found good agreement, although the
surface relaxation with muscovite was more pronounced [48]. A more recent method called
three-dimensional scanning force microscopy, which enables the 3D distribution of water
molecules next to a surface to be visualised, has confirmed the surface relaxation of the

ditrigonal oxygen rings in the basal plane [50].

More recent advances in AFM force control enable the tip-sample interaction volume under
liquid to be reduced close to atomic dimensions, such that true atomic resolution is possible.
Fukuma and co-workers have pioneered frequency modulation AFM (FM-AFM) and
resolved atomic point defects in the mica surface under aqueous solutions [51]. Their FM-
AFM studies also suggested that the AlOs in the tetrahedral layer could be distinguished from
the SiO4 because the lower charge of Al relative to Si makes these oxygens protrude slightly

[52-54]. A recent X-ray study of mica [55] has provided detailed information on how the

12



surface relaxation of mica in aqueous solution subtly varies depending on the cation present

next to the surface.

It has long been realised that aluminosilicates such as clays contain exchangeable ions
between the platelets, and the K* on the surface of cleaved mica will also exchange with
other cations present in solution. From the a and b lattice constants of mica, which contain
two K* shared between two surfaces on cleavage, it follows that the average surface area per
K* on the mica surface is 0.47 nm?. The first systematic studies of the ion-exchange
properties of muscovite mica was carried out by Gaines [56]. He showed that only the K* on
the exposed cleavage planes could be exchanged for other cations in solution, and that little
or no penetration into the lattice occurred at moderate pH and immersion times of up to a few
days. The K* on mica could be completely exchanged for hydrogen ions. Note that a recent
study showing incomplete exchange was carried out with a system with a very limited
reservoir [57]. A dynamic study of the surface potential after immersion of mica in water
equilibrated with atmospheric CO2 (pH 5.6) has shown that the K* have been essentially

completely exchanged for H* after about 1 min [58].

XPS studies have shown that the surface K* on mica may be permanently exchanged for H*,
Mg?* and Ca?*, but that Na* is washed off when rinsing the surface with pure water [59],
although the Na* remain on the surface if acetone washing is employed instead [60]. It was
also shown that the surface mobility of ions increased in the order H* < K* < Mg?*, Ca?*,
When fully hydrated, the Mg?* and Ca?* are thought to be mobile across the surface but bind
more strongly in limited water at low humidity [59]. A FFM study showed that atomic lattice
resolution may be achieved on mica with H* and K+ on the surface, but that with Mg?* and
Ca?* this only occurs at higher humidity [61]. Friction signals in FFM arise from stick-slip
adhesive interactions, so the study shows that the random positions of Mg?* and Ca?* after

ion-exchange lead to a non-periodic stick-slip pattern at low humidities when the Mg?*and
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Ca?* ions are immobile. At higher humidities the ions are easily displaced by the AFM tip to

give the stick-slip traces of the underlying mica lattice.

The affinity of Li* and Na* for the mica surface is much less than that of K* [62] because
their greater degree of hydration makes them unable to approach the surface close enough to
fit into the ditrigonal cavities. By contrast, Cs* readily associates with the mica surface in
solution [62]. The important point is that the interlayer K* left on the mica surface after
cleavage exchange almost completely on immersion in water in equilibrium with the
atmosphere. It is hence easy to prepare mica which has the surface K* replaced by H* (or
H30%), and in what follows we shall refer to such ion-exchanged mica as “H- mica”, and the
untreated mica as “K- mica”. In many cases the ion-exchange has been carried out in 107 M
HCI solution to drive the exchange reaction even further towards complete H* coverage of
the mica surface [63; 64]. There have been suggestions that the H* may not reside in the
ditrigonal cavities as H30* or other hydrated species, but that they bind either to oxygens in
the basal plane, or penetrate the lattice and attach to the hydroxyl groups in the octahedral

layer [60; 65].

The importance of the size of the surface ions relative to that of the ditrigonal cavities was
shown by an investigation in which ion-exchanged mica with H*, Li*, and Mg?* on the
surface was heated to 300°C to completely eliminate water from the surface. Subsequent
high-resolution AFM images showed Li* and Mg?* in the hexagonal cavities, whereas such
atomic-scale features were absent for H- and K-mica, suggesting that the former get
irreversibly fixed into the cavities during dehydration. This study lent support to the idea that
the ability of ions to bind into the ditrigonal cavities depends on their size and charge density,

which is related to their enthalpy of hydration [66].
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4. The Cleavage Energy of Mica in Vacuum and in Air

Because of its layered structure and the relatively weak attraction between the interlayer
potassium ions and the negative charge of the tetrahedral layers mica is readily cleaved into
thin layers. The resulting lamellae are very flexible and mica thus lends itself to the ideal
experiment for measuring the surface free energy of a solid. The surface area can be
increased continuously and in principle reversibly (by rehealing the crack), thus satisfying the
criterion for a thermodynamic measurement — quasistatic and reversible. Such an experiment
was first carried out by Obreimoff in 1930 [10], and has been revisited many times with
muscovite mica [67-76] as well as phlogopite [67; 77]. It can be shown that the force
required to prise the two layers of mica apart, times the distance over which this force is
applied, is equal to the sum of the surface free energy of the two exposed surfaces and the
elastic energy stored in the bent sheets [10]. When cleaving mica in air of unspecified
humidity a value of 1.5 Jm™ for the surface free energy y was obtained by Obreimoff, who
also reported that on recleaving the mica after rehealing the sheets a lower value was
measured. If the splitting was carried out in a vacuum of 10® mm Hg, the measured y was as
large as 20 Jm! These very high values, as Obreimoff realised, were due to the force
required to separate electric charges originating in the uneven distribution of potassium ions
on the opposing surfaces after cleavage [78]. Metsik showed that the work required to cleave
mica in air at p = 0.1 mm Hg depended on the rate of cleavage [72], with rates of 0. 5 mm s°!
giving rise to free energies that oscillated wildly with time, increasing up to 15 Jm and then
falling as low as 1 Jm, as electrical discharge across the gap between the surfaces occurred
(Figure 4). At a slower cleavage rate of 0.05 mm s™! the free energy varied between 3 and 4
Jm only. Metsik also showed how to largely eliminate the effect of surface charge by
conducting the cleavage experiments in nitrogen in the presence of an ionising source [72],

which neutralised the surface charges and reduced the measured surface free energy to 960
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mJm2. More recent work has shown that cleavage in dry nitrogen is also highly erratic and
irreproducible due to the influence of the charge domains, with surface free energy values
varying from 1 to 2 Jm, but that a humidity of 5% or more is sufficient to largely eliminate

the effect of charge domains on the surfaces [76].

When effects due to electrostatic charges are removed, direct cleavage experiments can
provide information on how the surface free energy of the mica varies with adsorption from
the atmosphere and on the crystallographic orientation of the two opposing mica surfaces.
Bailey and Kay obtained 308 Jm™ for mica cleaved for the first time in dry air (ca. 1 %
relative humidity — r.h.), which decreased to 220 Jm™ at a r.h. of 50-60 %, and 182.8 Jm™ for
r.h. > 90% [71]. If the mica was cleaved, subsequently resealed and then cleaved a second
time, the surface free energy fell from 308 to 250 Jm™ at 1% r.h., showing the effect of
adsorption from the atmosphere. However, if the mica sheets were reoriented before
resealing after cleavage at 50-60 % r.h., the decrease in surface free energy was much greater
— from 220 to120 Jm™2, with the additional reduction of 100 Jm™ due to the loss of lattice
match on reorientation. More recent direct cleavage experiments in atmospheres of more
accurately controlled humidity have qualitatively confirmed these results although higher
values, particularly at low r.h. were obtained [76] , with the surface free energy for virgin

cleavage being very close to the 960 mJm measured by Metsik [72].

It would be plausible to assume that the distribution of K* between the two surfaces on
cleavage would be related to the distribution of oxygen tetrahedra in the surface layer that
have aluminium atoms in their centre. The net negative charge of the A1O4 would exert a
greater attraction on the K* than the Si04. While the exact degree of order of the aluminium
substitution in the tetrahedral layer is unclear [31], there is evidence from Low-Energy
Electron Diffraction (LEED) that the K* after cleavage are randomly distributed on each

surface [78-80]. Notwithstanding the /ocally random arrangement of potassium ions, the
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cleavage experiments show conclusively that domains of net charge are created on the
surface on a larger scale. This can be visualised by decorating the freshly cleaved surface
with charged particles, and the surface charge domains are found to be of the order of one
mm? in size [68; 81; 82]. In an ambient atmosphere the charges are neutralised in a matter of
minutes [67], and decay times of 2-8 minutes for surfaces at a r.h. of 30-48 % have recently

been determined with AFM [83].

Campbell et al. studied freshly cleaved mica with AFM under ambient conditions (the exact
humidity was not reported) and detected the presence of steps that were only about 0.1 nm
high, and these steps were mobile and disappeared within minutes of cleavage [84]. Several
possible mechanisms behind the occurrence of these steps were discussed, and the most likely
candidate according to the authors was that the steps are the boundaries between higher,
positively charged surface domains with K* in the ditrigonal cavities and lower, negatively
charged domains with no ions. The authors further speculated that the disappearance of the
charged domains could be related to an increased mobility of the K* as these became

hydrated by adsorption of water from the atmosphere.

5. Mica and the Surface Force Apparatus

Muscovite mica was essential to the development of The Surface Force Apparatus, the SFA.
This instrument grew out of a series of scientific developments in England during the middle
of the twentieth century. Tolansky, at the University of Manchester, developed multiple-
beam interferometry with silvered surfaces [11]. He used this refinement of the classical
Fabry-Perot interferometer to study the surfaces and topography of crystals [13], and in
particular used the technique to study the planes and cleavage steps on muscovite mica [12],

noting that large, apparently molecularly smooth areas could be produced on cleavage, and
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that the heights of the lattice steps were multiples of the unit cell dimension in the c-axis
direction, i.e. 2.0 nm. Bailey and Courtney-Pratt at the University of Cambridge used
multiple-beam interferometry of mica sheets sliding against each other in a crossed-cylinder
configuration to study boundary lubrication [14]. The crossed-cylinder configuration was
adopted by Tabor and Winterton, who designed the first surface force apparatus to use mica
[15]. This was followed by further developments to the instrument [85], which eventually led
to a number of similar devices designed primarily to measure surface forces between mica
surfaces or mica substrates altered by various surface modification techniques across liquids

[86-89].

Several factors make mica an unrivalled substrate for surface force measurements — it can be
cleaved into macroscopic (cm?) sheets of constant thickness with atomically smooth surfaces.
It is flexible, allowing it to be curved and mounted as crossed cylinders, which minimises
alignment problems and allows an entirely new contact area to be obtained by shifting the
surfaces in two orthogonal directions with respect to each other. Mica is transparent,
permitting the use of multiple-beam interferometry, which has the advantage of allowing the
refractive index of the medium between the surfaces to be determined and the occurrence of
surface deformations or surface damage to be monitored. Mica is also comparatively inert, it
is heat resistant with negligible changes to the surface up to ~450 °C [90], and it is unaffected
by aqueous electrolyte solutions, dilute acids and alkalis as well as most organic liquids, apart
from the likely exchange of the basal plane K* if the liquid contains free cations.
Furthermore, the ion exchange properties of the mica surface allow for the facile preparation
of, e.g. hydrophobic surfaces by replacing the K* with cationic surfactants or lipids [91; 92].
Finally, by use of the Derjaguin approximation [93; 94] the force measured between crossed

cylinders may be conveniently converted to the interaction free energy per unit area between
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parallel, flat surfaces. This is often the most readily accessible quantity from theoretical

models or computer simulations.

In the SFA, two back-silvered mica sheets are glued to cylindrically polished silica discs and
then mounted facing each other in a crossed-cylinder configuration — equivalent to a sphere-
on-a-flat (Figure 5a and b). The two back-silvered mica surfaces form a multiple-beam
interferometer that will only transmit a series of discrete wavelengths of incident white light.
These wavelengths depend on the surface separation and refractive index of the medium
between the surfaces [13; 25], and by carrying out measurements with adjacent fringes of
both odd and even order, one can determine independently both the surface separation and
the refractive index. This feature makes the SFA particularly suitable for monitoring surface
deformations and phase changes in the medium between the surfaces, such as condensation of
liquid from vapour. One of the surfaces is mounted on a spring (a double-cantilever spring
for optimum accuracy) and the separation between the mica surfaces is controlled by
mechanical means using motors (with or without a differential spring system) and
piezoelectric transducers. Surface forces are measured by calibrating the movement of the
surfaces at large separations, in the absence of surface forces. Any force at smaller
separations results in a deflection of the spring and hence a deviation in the movement of the
surfaces, from which the force may be calculated using Hooke’s law. If one wishes to
minimise the spring deflection the lower surface is mounted on a very rigid support, such as
the one illustrated in Figure 5b, which is useful for experiments where the forces are very

large, such as those involving adhesion in vapour and capillary condensation.

Despite the inertness of mica, the first surface force experiments showed very clearly that
changes occur at the mica surface on cleavage in laboratory air. With multiple-beam
interferometry it could be established that the effective thickness of each mica sheet increases

by 0.35+0.1 nm when exposed to air of 50-80 % r.h. for 1 h [15], or about 0.324+0.08 nm
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when exposed to a r.h. of 40-45 % for 1 h [86]. In both cases, the authors concluded that a
layer of the corresponding thickness adsorbs from air to freshly cleaved mica. In the latter
study it was found that on subsequent immersion in water, the adsorbed layer appeared to
dissolve, as the thickness of each mica sheet when brought into contact in water was the same
as before exposure to air for 1 h. Mica is a high-energy surface, as shown by the direct
cleavage experiments, and it is not surprising that adsorption of species from the atmosphere
takes place. At the very least one might expect adsorption of water from the atmosphere at
the humidities found during the above experiments. More surprising, perhaps, was that the
adsorbed layer continued to increase in thickness with time, up to periods of several days,
when its thickness reached 2-3 nm, and that it was found to have the very high refractive

index of 1.8+0.1 [86].

In more recent SFA experiments, the standard procedure has been to expose the mica to
laboratory air only during cleavage of the mica and its subsequent gluing to supporting silica
discs, giving a total exposure time of the order of half an hour or less (this can be
significantly reduced by re-cleaving just before measurements as, mentioned in the discussion
after eq. 4). Immediately thereafter, the surfaces are mounted in the SFA which is then
purged with dry nitrogen. Under these conditions the subsequent contact in water is typically
at some -0.3 nm with respect to contact between the mica surfaces in nitrogen (after the half-
hour exposure to the ambient atmosphere) [95]. This suggests that air exposure only leads to
a 0.1-0.2 nm increase in the average thickness of each mica sheet, but if any water remains
trapped between the surfaces when in contact in water this could be slightly larger. Despite a
very large body of experimental data, the SFA measurements alone have not definitively
established how much water adsorbs to mica on cleavage in laboratory air, and whether or not
any water remains between the surfaces when these are brought into contact in pure

water.[95-97]
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Some years previously, however, the abnormal behaviour of water that had condensed from
vapour on mica surfaces was first reported [25]. Capillary condensates in the SFA show up
as an annulus of liquid around the contact area of the flattened surfaces which turns into a
liquid neck on separation of the surfaces that eventually evaporates and/or snaps — see Figure
5c. In this case the condensed “water” had a high refractive index (ca. 1.46) and did not
evaporate as expected in an atmosphere undersaturated in water vapour. At the time the
controversy surrounding anomalous water, or “polywater” was only just being settled [98]
and the author chose not to elaborate further on the possible reasons for the unusual
properties of these water condensates. Solute leaching from surfaces and dissolving in
adsorbed films and capillary condensates had been shown to be responsible for numerous
reports of “anomalous water” in the late 1960s and early 1970s [99; 100]. ~ Although this had
been found principally with silica and glass, other materials such as CaF, [101] and MgO

[102] had also been implicated.

A few years later, the first experiments on capillary condensation of liquid between mica
surfaces were carried out, and the Kelvin equation was for the first time accurately verified
for capillary-held liquid, i.e. for negative radii of curvature of magnitude down to 5 nm [103].
The Kelvin equation describes the change in vapour pressure of a liquid due to interfacial

curvature and is given by

YVu
r

RTln(p/p0)= (D

where p is the vapour pressure over a curved interface, po is the vapour pressure over a flat
interface (p/po is hence equal to the relative vapour pressure or the relative humidity), yis the
interfacial (surface) tension, and r is total radius of curvature of the interface. The total radius

r is given in terms of the two principal radii of curvature r;, r2 by
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Agreement with the Kelvin equation was obtained with cyclohexane, but this could not be
repeated with water, however, and this was attributed to the presence of carbonaceous, water-
soluble material on the mica surfaces, which would remain as a solid residue on the surfaces
after evaporation of the condensates. Since then, a great number of SFA experiments
involving capillary condensation of nonaqueous liquids have been carried out [104-109], and
not even with moderately polar liquids such as tert-butanol [110] or ethanol [111] has any
contamination of the condensates been evident, which strongly suggests that the solute in the

water condensates is ionic.

A significant difference in the adhesion behaviour of mica surfaces in water vapour and in
cyclohexane vapour was also found [112]. Close to saturation, both for water and nonpolar
liquids, the pull-off force F' was found to be given by the negative Laplace pressure in a

liquid capillary condensate, or

F=4nRycos0O 3)

where R is the radius of curvature of the mica surfaces and @ the contact angle of the liquid
(water or cyclohexane) on the mica (so close to O that cosé can be assumed equal to 1).

However, as p/po decreased the pull-off force in cyclohexane stayed almost constant down to

p/po ~ 0.1, whereas with water there was a noticeable decrease already at p/po ~ 0.9.

It was later shown that the main reason for the discrepancy was not related to the effect of a
“carbonaceous layer”, but rather to the use of a single-cantilever spring for these
measurements [113]. With such a spring, the surfaces move laterally and slide against each
other as the remote end of the spring is shifted to separate the surfaces. If the friction

between the surfaces is high they will come apart with a wrenching motion instead of
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smoothly, and an anomalously low pull-off force is measured [114]. Since the adhesion
between the surfaces is much larger in water vapour than in cyclohexane, the effect of the
large friction at low relative vapour pressures (when there is less lubrication by adsorbed
molecules [115]) has a greater effect on the apparent pull-off force in water vapour than in
cyclohexane vapour. In more recent work with the SFA, a double-cantilever spring has

become standard in order to avoid rolling and reduce sliding motion of the surfaces.

Quantitative data on the solute in water condensates between mica surfaces were first
obtained during a series of experiments on the capillary condensation of water from nonpolar
liquids, particularly from the silicone oil octamethylcyclotetrasiloxane (OMCTS) [116],
which has been frequently used as a model liquid in SFA experiments [19; 116-120].
Capillary condensation of water from nonpolar liquids is thermodynamically analogous to
condensation from vapour, and is described by a modified Kelvin equation (eq 1) in which
the surface tension is replaced by the interfacial tension between water and nonpolar liquid,
and the relative vapour pressure is replaced by the fractional water saturation of the nonpolar
liquid. The refractive index of the water condensed between the mica surfaces was found to
be higher than that of bulk water, but decreased towards the bulk value with increasing
condensate size [116], consistent with an increasing dilution as the size of the condensate
increased. Furthermore, the radius of curvature r of the condensate meniscus was inversely
proportional to the logarithm of the water activity (concentration), as expected for a Kelvin-
type equation, but the slope was about twice as large as expected (Figure 6). A solute in the
capillary condensate would give an additional lowering of the vapour pressure of the water in
addition to that caused by the interfacial curvature. The volume of the condensate varies as
its radius squared [121], while the area in contact with the condensate is proportional to r
[121], so if solute that is uniformly distributed over the two mica surfaces dissolves in the

condensate, the concentration and the activity a, for dilute solutions should decrease as 1/r.
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Since for a,, close to unity In[a,] is linearly proportional to a,, In[a.] remains linear in 1/r,
as seen from Figure 5. This would be consistent with solute from the mica surface dissolving

in the condensate.

The adhesion force between the mica surfaces was not measurably affected by the presence
of solute in the condensates, but was within the experimental error of a few percent equal to
that expected for pure water condensates. This is not surprising as ionic solutes have only a
slight influence on surface and interfacial tensions. This investigation also showed that the
water condensates form at finite separations as the surfaces are allowed to approach each
other. It is the formation of this condensate that pulls the surfaces into contact, rather than
the action of long-range van der Waals forces. In nonpolar liquids the distinction is easily
made as the range of any attractive van der Waals force is much shorter, and the short-range
interaction between the surfaces is often repulsive due to the presence of oscillatory solvation
forces [118]. In air or vapour the separation at which capillary condensates form is often
close to where an inward jump due to van der Waals forces is expected, or ca. 10-12 nm for
substances where the adsorbed film thickness is 1-2 nm [89], and a detailed analysis is
required to distinguish between the two mechanisms [111]. The mechanism of condensate
formation for non-aqueous liquids was later shown to be consistent with a thickening of
adsorbed layers induced by van der Waals forces between films on the opposing surfaces
[105; 122]. We believe that thickening of adsorbed films appears more likely than the
suggestion of Luna et al. - that water neck formation between the tip and sample surface
in AFM takes place by condensation of water molecules from the atmosphere [123]. It
seems unnecessary to invoke condensation of water from an undersaturated
atmosphere when there is a reservoir of water in films adsorbed to the tip and sample
surfaces. In the SFA experiments comparisons were also made between the formation of

water condensates in OMCTS confined between K-mica and H-mica surfaces [124]. The
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condensates were observed to form at slightly larger separations with the K-mica surfaces
and it was suggested that this was due to a greater affinity of water for the potassium mica

due to the surface K.

In an effort to learn more about the nature of the solute in the condensates, experiments were
carried out to condense water between two mica surfaces, separate these to rupture the
condensate, and investigate any solid residue after evaporation of the same. After drying the
surfaces over P>Os for 3 days [125], carbon replicas, shadowed with Pt, were made of the
surfaces and in transmission electron microscopy the presence of crystalline material on the
surface was suggested by the obvious faceting of the deposits in a restricted area, possibly the
location of the capillary condensate, but in addition there were ca. 25 nm wide, roughly cap-
shaped particles uniformly distributed all over the mica surfaces, covering perhaps a few
tenths of a percent of the area. Further experiments with mica samples that were simply air-
cleaved and exposed to a humid atmosphere before drying them, showed that with drying
times of up to 2 weeks larger, but more sparsely distributed crystals were found on the
surfaces. The crystals had a clear, hexagonal morphology and were up to 0.5 pm in diameter,
but quite flat. It seemed likely that the cap-shaped particles consisted of the same material

that had with longer drying formed larger crystals.

If a mica substrate was ion-exchanged by dipping in dilute HCI (pH 3) to produce H-mica, no
crystallites were found on the surfaces on subsequent drying. It was concluded that the K*
were necessary for the formation of the crystals, and water and/or CO» from the atmosphere
were suggested as a possible source of an anion. Such crystallites were later identified by
AFM imaging of air-cleaved and dried mica surfaces [126], and it was eventually realised
that exposure to humid conditions was not necessary, and cleavage of the mica at ambient
humidity (40-50 %) was enough to give crystallites on drying. Examples of AFM images of

such crystallites are shown in Figure 7.
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In a series of measurements of the pull-off force between mica surfaces as a function of the
relative vapour pressure of n-hexane, cyclohexane and water further information on the
different behaviour of K-mica and H-mica was obtained [113]. For p/ps > 0.95, near water-
vapour saturation in the presence of a condensate of » > 10 nm, the pull-off force with H-mica
was slightly larger than with K-mica, and there was a difference in the manner in which the
surfaces came apart. With H-mica the surfaces separated abruptly from contact, whereas
with K-mica the surfaces would move outwards by a few nm before jumping apart. This
discrepancy is due to the different short-range force in water between mica covered mainly
with H* ions and mica covered with mainly K*. With H-mica the short-range force is purely
attractive, whereas with K-mica there is a short-range repulsion due to hydration of the K*

[63; 64], which shifts the position of the outward jump by a few nm from contact.

A detailed study of the factors affecting the adhesion measured between mica surfaces in dry
air/nitrogen and in water vapour led to several significant conclusions [95]. The initially
measured pull-off force in nitrogen was high, and in good agreement with the results of direct
cleavage experiments [74-76] and surface energies inferred from contact angle measurements
[127]. According to the Johnson-Kendall-Roberts (JKR) theory [128] the experimentally

determined pull-off force F is related to the surface free energy per unit area y by the relation
F = 3nRy 4)

where R is the radius of curvature of the surfaces. JKR theory is expected to be valid for
surfaces with large radii of curvature and large adhesion, which is the case for the mica
surfaces used in the SFA [129]. The normalized pull-off force F/R decreased with time, from
about 1.2 + 0.1 Nm™! (equivalent to a surface free energy of y = 0.13 Jm) during the first few
hours, t0 0.9 £ 0.1 Nm™! (y = 0.10 Jm™?) after 24 h and 0.7 £ 0.1 Nm™' (y = 0.07 Jm™?) after 48

h, almost certainly due to the adsorption of contaminants from the gas phase. The adhesion
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measured between H-mica surfaces was on average higher at about 1.4 £ 0.1 Nm™! (y = 0.15
Jm?) during the first few hours. Similarly, direct cleavage experiments with resealed H-mica
(the ion exchange was carried out after a first cleavage before resealing) showed no
significant difference in the surface free energy compared to resealed K-mica surfaces [76].
In a later study, Frantz and Salmeron measured still higher values of the pull-off force
between K-mica surfaces. By cleaving the mounted mica sheets in dry nitrogen immediately
prior to the measurements using sticky tape [130], they obtained y values of up to 0.30 Jm™

for mica that had had very limited exposure to water vapour [131].

As a result of this detailed study of the adhesion between mica surfaces in air it was proposed
that the anomalous properties of water condensed between mica surfaces was due to the
dissolution of K>COs3; (or KHCO3) in the condensates, and that the anions resulted from a
reaction involving water vapour and CO> from the atmosphere [95]. It was concluded that the
references to water-soluble organics that had often cropped up in connection with the

adsorbed layer on mica were incorrect.

Finally, a study of capillary condensation of water with H-mica surfaces [132] was carried
out and it showed that there was good agreement with the Kelvin equation in the absence of
the potassium compound on the surfaces, and the refractive index of the condensed water
was within error equal to that of bulk water (Figure 8b). Curiously, quantitative
measurements of the size of water condensates between K-mica surfaces were only made
much later [133] - the condensate size was not explicitly mentioned by Fisher and
Israelachvili [103]. These data showed that the radii of curvature of the condensates on K-
mica were about twice as large as expected from the Kelvin equation, a results that was very
close to what had been found in the case of water condensing from OMCTS [116], discussed
above (see Figure 8b). Moreover, the amount of potassium (as K2COs) available on the mica
surfaces in direct contact with the condensates was not sufficient to account for this
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additional vapour-pressure lowering. It was inferred that the additional solute entered the
condensates via diffusion along the surface, which is consistent with the diffusion that is

necessary for the KoCOs crystallites to form.

Measurements of the size of water condensates below 0 °C revealed that the interfacial radii
of curvature of these supercooled condensates were only slightly larger than expected from
theory (Figure 8a). At a temperature depression AT below the melting point 7, (of ice),
water condensates at saturation are limited in size and their radius of curvature is given by a
Gibbs-Thomson-type equation [134], or

’YVM Tm
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where AHjy; 1s the enthalpy of fusion. A reduction in temperature below 7, thus has the same
effect as a reduction in vapour pressure below saturation above 7T,,. This has been found to
accurately predict the size (proportional to the radius of curvature of the vapour-water
interface) of condensates of cyclohexane [134] and neo-pentanol [108; 109] below T;,. With
water, however, the condensate size and interfacial radius of curvature were larger than
predicted, but good agreement was obtained by assuming that each water condensate
contained all the K* (in the form of K>COs) from the mica surface with which it was in
contact. The vapour-pressure lowering due to potassium solute was then estimated to be one-
fifth of that due to interfacial curvature. This suggested that the rate of surface diffusion of
K2CO;s is significantly smaller at subzero temperatures, which is not unexpected [133].
Remarkably, it was found that the condensate sizes measured during the earlier study of
capillary condensation from the nonpolar liquids OMCTS [116] were in almost quantitative
agreement with those obtained for condensation from vapour (when adjusted for the
difference between the interfacial tension between OMCTS and water and the surface
tension of water, as required by eq. 1).
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A number of experiments on capillary condensation of water between mica surfaces hence
show that all the observed properties of the water condensates — the higher refractive index,
the larger than expected interfacial radius of curvature, the negligible effect on the pull-off
force and the crystalline residue left behind on evaporation and drying are consistent with the
presence of a potassium salt in the condensates. If the K* are replaced by H* the properties of

the condensates are consistent with those of pure water.

6. Surface Analytical Studies of Air-cleaved and Vacuum-cleaved Mica Surfaces

At the same time as SFA experiments were accumulating evidence for the presence of water-
soluble material on the air-cleaved mica surface, several different surface analytical
techniques were providing further support for this idea. Two years before the account of the
non-evaporating capillary condensates was published, a study of the surface of cleaved mica
with Auger spectroscopy [135] showed that the major surface contaminant on air-cleaved
mica is a carbon compound that cannot be removed by heat treatment in UHV at 500 °C.
However, long-term heating in an atmosphere of oxygen at 10 torr and 450-500 °C did
remove the carbonaceous material, but also resulted in some loss of surface potassium.
Furthermore, it was found that the carbonaceous material was present regardless of whether
the mica was first cleaved in UHV and then exposed to air, or whether it was cleaved in
ambient air from the start. Exposure of an UHV-cleaved mica surface to CO2, CO or CH4 did
not result in any carbonaceous surface layer, and it was suggested that the presence of water
vapour was necessary for the formation of the carbonaceous material [135]. Clearly, all these
observations are consistent with the presence of K2COs3 on air cleaved surfaces, but not with
adsorption of hydrocarbons or other common organic contaminants which would not remain

on the surface at 500 °C.
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A comparison of the Auger spectra of vacuum-cleaved and air-cleaved mica, made in
conjunction with an investigation of the adhesion between gold and mica, confirmed the
presence of carbon or hydrocarbon impurities [82] on the air-cleaved surface. Furthermore,
it suggested that the weak adhesion found between gold and air-cleaved mica is due to the
presence of carbon or hydrocarbon impurities [82]. A comparison of the peak heights of the
different spectra led the authors to suggest that the carbon-containing material was located

between the K*, i.e. not covering them.

A later SSIMS (static secondary-ion mass spectrometry) study confirmed the presence of
what was termed a “carbon compound” on the surface of air-cleaved mica [136], and that it
could not be removed by subsequent exposure to UHV, and that it was absent on mica
cleaved and maintained under UHV conditions. Additional SIMS studies comparing freshly
cleaved and weathered mica surfaces showed that there was depletion of potassium from
mica surfaces during weathering under ambient conditions [137], and that a corresponding
increase in surface oxygen occurred. This is consistent with the formation and clustering of
K2COs on the surface, since any aggregation of species would lead to a net reduction in
average surface concentration when using a technique that probes only the outermost layers

of atoms.

In an important contribution Bhattacharyya showed that CO2 would adsorb on vacuum-
cleaved mica, while air-cleaved mica showed no affinity towards CO> [138]. The author
concluded that the lack of reactivity was due to the presence of a carbonaceous overlayer on
the air-cleaved mica, the presence of which was confirmed in a later XPS (X-ray Photo
Electron Spectroscopy) investigation [80]. Since the temperature-programmed desorption
(TPD) of carbon dioxide in vacuum was found to follow second-order kinetics it was inferred
that two surface species must be involved, at least one of which must be able to diffuse across

the surface. The author considered it most likely that the mobile species would be a proton,
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and that desorption would occur when it encountered a carbonate bound to a silicon in the top
tetrahedral layer. Hence, the carbonaceous overlayer would originate when CO> binds to
hydroxyl groups just below the oxygen hexagons of the mica surface to generate a
bicarbonate species, which then releases a proton that can migrate along the surface and bind

to a surface oxygen. These ideas will be further discussed in section 11.

Further evidence for the formation of a solid compound on the surface of mica came from a
LEED investigation of air-cleaved mica that found evidence of nanostructures on the surface
[139], which had not been noted in earlier studies [78]. Subsequently, while attempting to
develop a method for contact printing of polymers and lipids with poly(dimethylsiloxane)
(PDMS) stamps on mica, Workman and Manne found that patterns were produced even in
the absence of lipid or polymer [140]. The patterns only appeared at intermediate humidities
between 35% and 70% [140], and it was suggested that the patterns consisted of nanometre-
thick layers of a potassium compound (assumed to be bicarbonate, not carbonate, although no
evidence for this distinction was presented). Transport of surface potassium ions by adsorbed
water was necessary for pattern formation, so the patterns were absent under dry conditions
(<25 %) when not enough water was present, and at higher humidities (>70%), when the

potassium compound remained dissolved in the water film.

Even stronger evidence for the presence of potassium carbonate on air-cleaved mica was
obtained by Ostendorf et al. [141; 142]. Several previous studies [82; 135; 136; 138] were in
agreement that the carbonaceous overlayer formed on cleaving mica in air could not be
removed by exposure to UHV conditions. Ostendorf et al. carried out a comparative AFM
study of mica cleaved in air and in UHV, and found very different results with the two
samples of different origin [141]. The surface cleaved in UHV could not be satisfactorily
imaged in non-contact mode due to the magnitude of the surface potential, typically between

-80 and -130 V. The potential could not be reduced by annealing in UHV, even at 560 K, but
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after a few minutes exposure to air the potential decreased to +2.5 V. The subsequent AFM
images revealed the presence of numerous particles on the surface, of lateral size in the range
1-5 nm, and the authors suggested that these were the KoCOs crystallites previously observed

by one of us [125].

In a later study, the crystallites on air-cleaved mica samples were imaged at higher resolution
by non-contact AFM in UHV [142]. Anhydrous K>COs, which normally forms at
temperatures below 38 °C [143], is monoclinic with unit cell dimensions a = 0.564 nm, b =
0.980 nm, ¢ = 0.688 nm and B = 98.8° [144], and high-resolution AFM scans showed row
periodicities that were close to the a and b unit cell dimensions, indicating that the c-axis
would be perpendicular to the surface. The angle of 117° measured between these rows is
not, however, consistent with the bulk monoclinic structure of K>2COs3, which should give an
angle of 90°, but rather suggests a hexagonal structure imposed by the underlying mica
surface, as seems to be the case for the much larger crystallites imaged by AFM and shown in
Figure 4 and also those published previously [125]. Potassium bicarbonate is also monoclinic
but with very different lattice parameters (a = 1.52 nm, b = 0.56 nm and ¢ = 0.37 nm, =
104.9°) [145] so this cannot explain the observations. The sesquihydrate of potassium
carbonate is again monoclinic [146; 147], but its lattice parameters of a = 1.19 nm, b = 1.38
nm, ¢ = 0.71 nm and B = 120.6° are not consistent with these AFM data [142]. It is very
likely that the mica surface is able to impose a structure different from that of the bulk crystal

with these very thin crystals that are only about 3 unit cells thick.

7. Adsorption of Water Vapour to Mica Surfaces

Langmuir [4] and later Bangham and Mosallam [5; 6] used muscovite mica as a substrate for

vapour adsorption studies, but confined themselves to working with gases and organic liquids
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and did not study adsorption from water vapour. Bangham and Saweris, however,
investigated the spreading of various liquids on mica and found that water does not
completely wet air-cleaved mica but has a finite contact angle (the value was not reported)
[7], although for example methanol clearly wets mica, as shown by the interference colours
around the edge of a spreading droplet. Complete wetting of a surface by a liquid is
equivalent to that liquid spreading on the surface, or having a zero contact angle on the
surface. Mica that has been cleaved in water vapour introduced into a previously evacuated
chamber has been reported to be wetted by water [148; 149], and there is a very old
observation of water having a zero contact angle on mica [3]. Salmeron quotes a value of 2.6°
for the contact angle of water on mica exposed to air “for a couple of hours” [150], which is
in agreement with our unpublished measurements on mica exposed for a few minutes only.
However, a recent study reports a contact angle of only 0.06° for water around an air bubble

pushed against a mica surface [151].

The adsorption isotherm of water on mica was measured with ellipsometry by Beaglehole et
al. [152; 153], and the results showed a finite thickness of the adsorbed water layer at
saturation (varying between 0.8 and 2.5 nm, depending on the mica samples used), in
agreement with the small but finite contact angle observed experimentally. The finite film
thickness and contact angle both contradict the results of the Lifshitz theory of van der Waals
forces, which predicts that water should wet mica completely, i.e. a bulk water droplet should
spread (contact angle = 0) and an adsorbed film of water should grow without bounds as
saturation is approached [152; 153]. This disagreement is not surprising as Lifshitz theory is
based on the dielectric properties of bulk materials, which will be very different from the
dielectric properties of thin films where orientational effects such as those in hydrogen
bonding are involved. Similar amounts of water adsorbed to mica [154; 155] were measured

by Cantrell and Ewing using Fourier Transform Infrared (FTIR) spectroscopy, and they
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found a limiting thickness of about 1.25 nm. A later multiple-beam interferometry study by
Balmer et al. [156] only included measurements up to a relative vapour pressure of water of
0.9 (at which the adsorbed thickness was 0.6 nm), but the authors did investigate the effect of
ion exchanging the surface. The adsorption isotherm of K-mica showed a more prominent
knee at low pressures, but at relative vapour pressures in the range 0.5-0.9 the results were
within error the same for surfaces with H* or K* (Figure 9). The average water layer
thickness at p/po = 0.50 was about 0.25 nm, so the influence of the K* would appear to be
unimportant for thicknesses above a statistical monolayer of water. Such a knee in the
adsorption isotherm at low pressures is normally due to surface heterogeneities, 1.e. sites with
larger free energies of adsorption that lead to a greater increase of adsorption with vapour
pressure at low pressures. The K* on the surface are the obvious candidates for these sites,

whether located in their ditrigonal cavities or elsewhere on the surface.

While the properties of mica as an electrical insulator are well known, adsorption of water
from the atmosphere leads to a significant surface conductance at higher humidities. This is
of importance to the use of mica in capacitors, as the increased surface conductivity leads to
resistive losses [157-160]. It also means that mica in humid air can be imaged with Scanning
Tunnelling Microscopy (STM) [161; 162], which requires conducting substrates. The surface
conductance of mica increases approximately exponentially with the relative vapour pressure
of water [161-163], and the mobility of K* (as well as H*, Mg?* and Ca?*) on mica also shows
an exponential increase with relative humidity [59]. The surface conductivity of mica in
water vapour has been said to be four orders [164] or five orders [161] of magnitude greater
than if the layer were pure water, indicating the presence of considerable numbers of ions.
The increase in conductivity with humidity can only be due to an increased mobility of these
ions as it is difficult to understand why the number of ions would increase so drastically with

the water vapour pressure. The presence of potassium ions on the surface accounts
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qualitatively for this increase. At low humidity the K*, whether hydrated or not, are mostly
present as scattered entities or as crystals of K2COs, depending on the previous history of the
surfaces. Above about 42-43 % relative humidity (the vapour pressure over a saturated
solution of K>COs [165] ) the crystallites start to dissolve and the potassium ions, with any

associated water become mobile, and this mobility increases with water content.

8. Structure of Water Adsorbed to Mica Surfaces from Vapour

The nature of the adsorption isotherm of water on mica provides some information on the
structure of the adsorbed film, e.g. that the increased adsorption on K-mica compared to H-
mica suggests that initially adsorbed water hydrates the potassium ions [156]. Additional
information may be gleaned from studies of the temperature dependence of adsorption, which
allows determination of the entropy and enthalpy of adsorption. Thus it was possible to
conclude from the IR measurements discussed above [154] that water adsorbed to mica is
more structured than bulk water, and that the first (statistical) layer of water in particular is
highly ordered. A calorimetric study of water vapour adsorption to mica particles of
diameter < 5 um and specific surface area 21.5 m%/g [166] confirmed that water at
submonolayer coverages was more ordered than bulk water, but that the mobility of the water
molecules increased at higher coverages. Detailed comparisons are difficult as a particulate
sample contains different crystallographic planes at the edges of flakes in addition to the
basal plane. Interestingly, the authors found that reversible migration of K* occurred in the

presence of adsorbed water molecules.

The more detailed structure of adsorbed water films on mica has attracted considerable
attention in recent years using various scanning probe techniques, X-ray reflectivity, surface

spectroscopy as well as simulations. A difficulty when comparing the results of the different
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studies is that some of these, experimental as well as simulations, strictly speaking deal with
the interface between mica and bulk water [167; 168] whereas others consider a system of
mica with a thin film of water in vapour [169-174]. These two systems may be quite
different for films that are only a few water layers thick, when the mica-adsorbed film and the
adsorbed film-vapour interface are not independent. We will concentrate on those studies

that consider the mica in in a vapour environment.

In AFM studies in ambient or controlled humidity environments a capillary neck of water
forms between the surface and the tip at small separations (Figure 10), and this causes
unwanted effects, such as a jump into contact [37; 123; 175-177], as occurs in the SFA (see
section 5). In an AFM, however, these jumps are typically found to be an order of magnitude
smaller, or of the order of 1 nm. The large attractive capillary interaction complicates
contact-mode operation of AFM under ambient conditions by increasing the attractive tip-
surface interaction and the frictional forces, and obviously makes the study of adsorbed water
films impossible. This inspired the invention of amplitude modulated (AM) dynamic AFM
modes with stiffer cantilevers than for contact mode operation, k ~ 1 to 50 N/m (compared to
k ~0.1 to 0.5 N/m for contact mode) [178]. In a tapping-mode approach, the tip performs
intermittent contact with the sample surface and the capillary neck is overcome periodically
during the cantilever oscillation cycle of typically >10 nm. This method is robust but can
limit the achievable resolution and may damage soft samples and sharp AFM tips. The
physics of tapping mode in air is complicated by a bi-stable behaviour of the cantilever
vibrating in the non-monotonic tip-sample potential, which can be further exacerbated by
capillary neck formation between the tip and sample. For the underlying characteristics we
refer the reader to the literature [179; 180]. Alternatively, the capillary interaction may be
avoided altogether in a true non-contact (NC) mode experiment, where the water layers on tip

and surface do not contact at all, by using a sufficiently small cantilever amplitude [123;
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181]. The spatial resolution will be lowered somewhat because the tip is on average further
away from the surface, but the dynamics of water films may be imaged reproducibly [181;
182]. Another method is to use a sufficiently sharp tip, where there is strong evidence that the
capillary neck cannot form [183-185], as expected from restrictions imposed by the Young-

Laplace equation as well as the tip size and geometry [183].

Before NC AFM in ambient conditions using AM control was established, a powerful
derivative of AFM known as Scanning Polarization Force Microscopy (SPFM) (Figure 11)
was introduced by Salmeron [186-189]. In SPFM a potential in the volt range (constant or of
variable frequency) is applied between the metal-coated cantilever tip and the substrate. The
potential induces an attractive force between the tip and the substrate, and this force is
modified in the presence of adsorbed layers on the substrate. If the dielectric constant of the
adsorbed layers is larger than that of the substrate, the attractive force between tip and sample
increases and the force-feedback control compensates by moving the tip away from the
surfaces. Consequently, adsorbed layers of a higher dielectric constant appear thicker,
whereas those with a smaller dielectric constant than the substrate will seem thinner [188],
but the absolute thickness of the adsorbed layers cannot be measured. In the case of mica in a
humid environment, the polarization is sensitive to the orientation of adsorbed water
molecules as well as the presence of mobile surface ions [59]. SPFM operates in non-contact
mode due to the long-range nature of the electrostatic force between tip and sample and
hence does not disturb adsorbed water or surface ions. Due to the larger tip-substrate
separation compared to NC AFM the lateral resolution is limited to ca. 20 nm, but sub-

micron size droplets of liquid on surfaces are nevertheless readily imaged [190; 191].

The results of SPFM studies of the mica surface suggested the presence of two distinct
“phases” of water at low humidities. Below about 20% relative humidity a homogeneous

water film designated phase I was found, whereas between 25 and 50 % r.h. a film of phase II
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formed apparently hexagonal domains in epitaxial relationship with the mica substrate, and
the authors suggested that it might be solid-like in nature (Figure 12a). Contacting the tip to
the surface temporarily transferred adsorbed water to the tip, producing a depression in the
surface film, which would disappear as water refilled the hole [187]. The time taken for the
depression to refill varied with humidity and the structure of the film (phase I or phase II),

and increased with the time of exposure to the ambient after cleavage.

In a later study the evolution of adsorbed water films was studied with SPFM after the films
had initially been perturbed by contact with the tip [150]. It was found that the threshold
humidity for the appearance of phase II correlated with that observed for the onset of
capillary condensation during tip-sample contact. Once again the authors inferred the
existence of a more strongly bound water layer at r.h. < 20 %, but now discussed the
importance of the surface K* for phase II, present for 20% < r.h. < 45%, although no

evidence for solid residues of e.g., KoCOs3 after drying was found [150].

Experiments using sum-frequency generation vibrational spectroscopy provided further
evidence of a solid, ice-like water structure on mica, with no free (dangling) hydrogen bonds
[192]. Together with the repeat measurements using SPFM a slightly revised picture of the
structure of water layers on mica was obtained , with a very low water coverage below 20%
humidity and a gradual increase in water with ice-like, ordered structure until full monolayer
coverage was reached at ca. 90 % humidity [192]. In a subsequent study the humidity was
increased beyond 90%, and it was found that water films with dangling H-bonds appeared at
room temperature, but that in adsorbed films below 0 °C the ordering without free H-bonds
persisted to larger thicknesses, leading to a ferroelectric structure of the adsorbed film [193]

(Figure 12b).

In agreement with the results of Salmeron, a molecular dynamics simulation of water

adsorbed to mica from vapour found that water condensed into a completely connected, two-
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dimensional network of hydrogen bonds at monolayer coverage [172], designated 2D-ice by
the authors. Although the simulation cell covered only two unit cells of the mica surface,
establishment of this hydrogen-bond network appeared to be more important than solvation
of the potassium ions. More recent simulations, however, have contradicted this picture and
found little indication of well-ordered, 2-dimensional ice-like structures [174], and concluded
that the water adsorption is influenced both by H-bonding to surface oxygens and hydration
of potassium ions. A grand canonical Monte Carlo simulation of the adsorption isotherm of
water on mica [170] was able to reproduce accurately several features found in the
experimental adsorption isotherm by Balmer er al. [156]. It was found that initial adsorption
for p/po < 0.1 occurred both into the plane with the K* (i.e. between the K*) as well as into a
second layer hydrating the K*, resulting in a knee as observed experimentally. There was no
indication of ice-like structures in the adsorbed film, which showed considerable
heterogeneity because the water was strongly bound both to the K* and the basal plane
oxygens. The authors also found that the results were consistent with the experimentally
observed (most commonly) partial wetting of mica by water. A density-functional study of
water on the mica basal plane has concluded that the properties of water adsorbed on mica are
dominated by hydration of the K* rather than ice-like coordination of water with the basal

oxygens [173].

Nevertheless, a relatively recent imaging study by AFM has claimed to resolve ice-like
ordering of water on mica in humid environments [194]. Although interpretation of these
images has similar issues to those of the mica lattice under liquid, the group used force
measurements in combination with imaging to corroborate their findings. The same group has
also reported that it is possible to use the AFM tip to write nanochannels into the ice-like
layer at humidities above 30%, with long relaxation time-scales of a tenth of a second [195].

Other force measurements between a tungsten tip and mica detected a short range (~0.5nm)
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repulsive force before contact which was also attributed to an ice-like water layer [196]. The
onset of these forces corresponded to 20% humidity, which correlates with the onset of
capillary condensation and the transition between phase I and phase II water as described by
the Salmeron group. Furthermore, Monte Carlo simulations of water films on mica by
Meleshyn [169; 171] found support for the existence of polygonal water islands on mica as
observed with SFPM, and attributed them to clusters of K* with a saturated first hydration

shell.

Developments in the reconstruction of tip-sample forces from amplitude-distance
measurements, both in the large and small amplitude limits [197-200], have enabled AM
AFM measurements of the thickness of thin water films, which on mica [201] appear to be
consistent with the results of other techniques [152-154; 156], and also show the importance

of ageing or weathering effects [201].

9. Adsorption of DNA to Mica

The use of mica as a substrate for the study of biomolecules with AFM was mentioned in the
Introduction. In most cases the studies are carried out in aqueous solution where the K* will
have been exchanged for other ions. There are some examples, however, where the
measurements are performed in humid atmospheres, involving in particular DNA, and these
provide interesting information on some properties of mica relevant to the subject of this

review.

Hansma and Laney showed [66] that linear, double-stranded (ds) DNA would bind tightly
enough to mica for tapping mode AFM imaging in solution in the presence of divalent
transition metal ions. The strength of the binding correlated with the cationic radius, which is

approximately inversely proportional to the enthalpy of hydration, so the authors concluded
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that it was related to how well the cations would fit into the ditrigonal cavities. The strongest
binding was found with Ni?*, Co?* and Zn?*, whereas Mg?* would not bind DNA tightly
enough for imaging. A flow-through system that enabled the adhesion of DNA to mica to be

switched on and off was devised for solutions containing Zn>* [202].

Rivetti and Bustamante deposited linear dSDNA on mica from solutions containing different
cations, imaged the surfaces in air and then analysed the shape of the DNA molecules using
polymer-chain statistics [203]. The results indicated that when the mica was treated with
Mg?* the DNA molecules could diffuse across the surface and find their lowest energy
configuration in 2D (Figure 13b). In the absence of Mg?* the DNA coils could overlap if
sufficiently long, indicating a different mechanism of binding to the surface. This case is
known as kinetic trapping, where the DNA backbone is pinned at the points of contact with
the mica and the conformation is a projection of the 3D solution conformation onto the 2D
mica surface (Figure 13c). In bulk, mica treated with Ni** usually gives rise to kinetic

trapping with long DNA strands [204].

Billingsley et al. found that sufficiently short dsDNA molecules (< 800 base pairs, or 260 nm
long) deviated from the expected average binding conformation on Ni-mica [205]. These
molecules were characterised by surface-equilibrated conformations rather than being
kinetically trapped, which provided evidence that the surface distribution of Ni?* on the mica
was not homogeneous. A model involving patches of charge on the mica surface was
proposed, where the effective size of the Ni**-binding domains was of the order of ~100nm
across (Figure 13a). This suggests that when mica is cleaved it may have electrostatic
domains at the nanoscale as well as on the aforementioned longer length scales [68; 81; 82],
and that these domains somehow persist for long enough to influence the ion-exchange
procedure. In these AFM experiments the time between cleavage and ion-exchange was of

the order of seconds.
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The ionic “patchiness” of mica at the nanoscale was supported by the results of an earlier
humidity controlled AFM study on Mg-mica and Ni-mica using 3 different topologies of
circular DNA (plasmids) [206]. At sufficiently high humidity (>90%) where the water layer
thickness on mica approaches the dsSDNA diameter of 2 nm, irreversible conformational
switches were observed in DNA molecules containing supercoiling strain energy. The change
was greatest on Ni-mica for supercoiled plasmids: the implication being that the partial 3D
conformation of these molecules means that they are not fully bound to the surface and able

to re-arrange.

Mica in a humid atmosphere with double-stranded DNA bound to the surface with Ni** was
studied by AFM imaging in NC mode [207]. The well-defined diameter of the dsDNA
molecule could be used as a “molecular dip stick” since the apparent height of the molecule is
influenced by the adsorbed water thickness surrounding the DNA [208]. The kinetics of water
layer formation were influenced by the incubation time of the mica in Ni?* solution (30 s or 5

min) as well as the time the Ni-mica was left at ambient humidity (hours to days).

It is clear from these AFM studies and those mentioned in section 3 that the process of 1on-
exchange of K* at the surface of mica is a complex process. DNA binding to mica appears to
require the presence of divalent cations and their ability to bind into the ditrigonal cavities
depends on their hydration. The DNA conformations give additional evidence of the mobility
of certain ions on the surface (i.e. equilibration vs kinetic trapping) and while the K* ions are
not directly implicated in DNA binding, the persistence of charged domains on the surface

suggests that they play a role in the ion-exchange process.
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10. Epitaxial Crystal Growth on Mica

The use of mica in early studies of epitaxial crystal growth [1; 2] was mentioned in the
Introduction, and numerous investigations of epitaxy of especially alkali halides on mica
have since been carried out, using both vapour deposition [209] and solution growth of
crystals [65; 210-212]. The utility of mica for studying epitaxy is obvious; the basal plane
exposed on cleavage provides large, atomically smooth surfaces with a regular crystal lattice.
Of particular interest for this review, however are some cases where the presence or absence
of potassium ions appears to have a major effect on crystal growth and epitaxy on the mica
surface. For example, Christenson and co-workers have found an intriguing difference
between freshly cleaved and slightly “weathered” mica in a study of CaCOs precipitation on
mica from aqueous solution [213]. Calcite does not grow epitaxially on freshly cleaved mica,
but if the mica has been exposed to a low-humidity (< 40-45%) environment for 30 min or
more after cleavage the calcite crystals will grow preferentially oriented with the c-axis
perpendicular to the mica basal plane (Figure 14). No epitaxy is found if the mica has been
exposed to very humid atmospheres (> ca. 70%) at any stage before immersion in solution.
Epitaxy only occurs if the mica is immersed directly in a metastable solution of Na2CO3 and
CaCl,, not if it is first immersed in one of the two solutions before the second one is added.
There is no epitaxy with H-mica. It appears as if K2CO3 must be present on the surface at the
moment of contact with the metastable solution to induce epitaxy, but the mechanism behind
this is not clear. Perhaps a local and transient increase in carbonate ion concentration
contributes. However, calcite also grows epitaxially on both freshly cleaved and weathered
surfaces of the related phyllosilicates lepidolite, biotite and vermiculite [214]. The interlayer
cation of the first two is K*, as for muscovite mica, but in vermiculite the interlayer cation is

Mg?*. There is clearly scope for more work on this topic.

43



Tungsten oxide (WO3) is a wide-gap semiconductor with important applications in nanoscale
electronics. Nanowires of tungsten oxide may be grown on mica by subliming a WOj3 thin
film onto the substrate at atmospheric pressure, 30-40 % relative humidity and the relatively
low temperature of 550 °C [215]. This temperature is far below the sublimation temperature
of bulk WOs3, and it is likely that water vapour is involved by converting the oxide to a
hydroxide. The nanorods are epitaxially oriented by the mica surface and grow at angles that
are multiples of 60°, as expected from the pseudohexagonal surface lattice of the mica
(Figure 16). Similar nanorods do not form on surfaces such as Al.O3 or Si0, and it has been
shown that the K* from the mica surface are involved by forming a non-stoichiometric
tungsten bronze KxWOs as an intermediate [215; 216]. Subsequently, it was demonstrated
that only freshly cleaved mica produced the optimum conditions for nanorod growth [217].
Mica that had been annealed for 10 min at 350 °C and mica that had been kept for 10 min in
ambient air gave a significantly reduced density of oriented nanorods, or none at all, and a
also showed a depletion of surface K* according to XPS measurements. As the authors
concluded, these observations are consistent with the potassium ions of the mica surface very
quickly becoming locked up in KoCOs crystallites and hence not as readily available for the
formation of the tungsten bronze, which is necessary for the growth of the oriented nanorods
[217]. When the K* collect in crystallites the mean surface density as measured by XPS
would decrease as the signal from some of the deeper lying K+ will be shielded by those

above.

Another example of the influence of the potassium ions on crystal growth involves vapour
deposition of pentacene on mica [218], during which high-aspect ratio nanorods grow
oriented parallel to the surface. However, if the potassium ions are removed by rinsing with
water or acetone, or the surface is intentionally contaminated with diffusion pump oil, the

crystals take on a different orientation perpendicular to the surface. The crystal growth of a
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second rod-shaped aromatic molecule, para-hexaphenyl, has also been shown to be sensitive
to the presence of K* on the mica surface [219]. With freshly air cleaved mica the vacuum-
deposited para-hexaphenyl formed flat, needle-shaped crystals lying on the surface, whereas
if additional potassium was vacuum-deposited on the mica surface, the crystals adopted a
standing configuration. The authors explained the difference by assuming that the additional

potassium disrupted lateral electric fields present on the air-cleaved mica.

It is likely that there are many more examples of crystal growth and orientation being
influenced by the surface potassium, although the mechanism behind this may be unclear
[220; 221]. There is call for more extensive studies of such cases since it is a relatively

simple matter to exchange the potassium for hydrogen ions or other cations.

11. Origin of the Carbonate Ions on Mica

The carbonate ions on the air-cleaved mica surface must result from some reaction between
atmospheric carbon dioxide and water catalysed by the mica surface. That this might occur is
perhaps not entirely unexpected as zeolites, which are well known for their catalytic
properties, are aluminosilicates like mica. The possible mechanism of this catalytic surface
reaction appears to have been first discussed by Bhattacharyya [138], whose postulated
mechanism for CO2 adsorption and conversion to a carbonate species at the mica surface was
mentioned in section 6. The hypothesis was that CO2 would attack a hydroxyl site in the
outermost tetrahedral layer to form a bicarbonate species, which would then dissociate into a
carbonate and a proton that would migrate along the surface until it became stabilised near an
aluminium site. Our extension of this idea would be that this H* replaces the K* in
neutralising the lattice charge, and that two K* together with the carbonate then form

K>COs3, which becomes mobile on the surface in the presence of water, but crystallises under
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dry conditions. However, we do not feel that we are in a position to speculate on the details of

the mechanism, or exactly where the H" might reside.

The general idea is based on earlier work showing the presence of carbonate species after
adsorption of CO» on zeolites [222]. Zeolites and mica are both aluminosilicates and are
hence chemically closely related, but with an important structural difference. Zeolites are
porous on the nanoscale and able to absorb large amounts of gases and small molecules in the
pores. Zeolites are potent catalysts with numerous industrial applications and there is
currently considerable interest in the use of zeolites for the separation and capture of CO>
from industrial emissions [223]. Further examples of carbonate formation in zeolites are to
be found in the more recent literature [224-227], and there have even been cases of carbonate

species forming on the external surfaces of the nanoporous zeolites [228].

In the case of zeolites an increase in the amount of AlO4 compared to SiO4 favours adsorption
of COz because of the resultant increase in surface charge [223]. Compared to zeolites, mica
has a very large AlOj to SiOg4 ratio, so CO2 adsorption should be favoured, as should the
initial presence of K* on the surface. Indeed, the mesoporous aluminosilicate AI-SBA-15
doped with K* shows greater CO2 adsorption than when doped with Li*, Na* or Cs* [229].
Proton migration such as that envisaged to accompany carbon dioxide binding to the mica
surface is an important elementary step in the catalytic activity of zeolites [230]. Finally, it
should be noted that similar reactions that lead to the formation of carbonate species occur on
many other mineral surfaces, e.g. alumina [231], and iron oxide [232] and ceria [233], in the

last case even on macroscopically flat surfaces.

Although the details of the reaction leading to the formation of potassium carbonate on the
mica are yet to be clarified there is overwhelming direct evidence for the presence of
potassium carbonate on the surface shortly after cleavage in air, and its formation is entirely

consistent with the properties and behaviour of structurally very similar aluminosilicates.
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12. Concluding Remarks

The existing literature provides a wealth of evidence that muscovite mica cleaved in
laboratory air bears a water-soluble compound which is almost certainly anhydrous
potassium carbonate. Using the bulk density of 2430 kgm and the surface area per K* of
0.47 nm? this is equivalent to a 0.10 nm thick layer of KoCOs covering the entire surface.
This amount is consistent with what would be contained in the 25 nm wide, cap-shaped
K>COs particles covering perhaps a few tenths of a percent of the surface area of the mica
[125], which were discussed in section 5. This surface density of K2COs is also consistent
with the amount dissolved in the subzero water condensates mentioned in the same section
[133].

On formation of K>COjs after cleavage, perhaps according to a mechanism similar to the one
suggested by Bhattacharyya [138] (section 6), the K* neutralising the lattice charge would be
replaced by H*. Strictly speaking, this then means that the main function of the ion exchange
procedure used in the SFA experiments is to wash the K2COs from the surface, rather than
replace any ions neutralising the lattice charge of the mica. We do not know, of course, how
quickly after cleavage all the carbonate ions form, and whether or there is only partial
conversion. The amount of epitaxy of calcite apparently induced by K>COs3 [213] does
depend on time, but this is most likely related to surface transport of material rather than to a
reaction rate.

The implications of the K2COs3 for water condensed between mica surfaces in reasonably
large volumes, such as the capillary condensates discussed earlier, is clear. However, the
effect on adsorbed water films of nm-size thickness is less obvious. There is currently some
theoretical disagreement about the relative importance of water adsorption to the tetrahedral
oxygens in the mica basal plane on the one hand, and hydration of the potassium ions on the

other [170; 172-174]. Resolving this controversy by experimental means will be difficult
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unless proper account is taken of the KoCOs on the surface. To carry out experiments with H-
mica is straightforward — all it takes is a quick dip in a weakly acidic solution - but very few
examples are to be found in the literature [234]. Similarly, few other authors have discussed
the implications of the Ko2COs for their work [140; 150; 201; 217]. It is possible that the only
way in which to ensure that the mica has K* in the ditrigonal cavities rather than dispersed
across the surface as K2COs, is to ion-exchange the mica in an aqueous solution with K* at a
high enough pH to avoid any H* adsorption. There are examples of work where it is difficult
to believe that the presence of K2COs3 on the surface is not playing an important role in the
observed behaviour of the system [22; 40; 235-237]. Simulations in which the K* are placed
in ditrigonal cavities may not always provide the best model for the behaviour of air-cleaved
mica [169; 171; 172; 238]. There has recently been great interest in studying mica coated
with graphene sheets [239-241], e.g. for trapping nanosize water droplets between the mica
and graphene, and here, too the likely presence of K2COs on the surface may need to be taken

into account.
Although the presence of mobile K* and CO?™ on the air-cleaved mica surface undoubtedly

complicates the interpretation of many experiments and makes comparisons with simulations
and theory less straightforward, it may have some potentially useful consequences. The layer
of K>COs3; may to provide an interesting model system for the study of two-dimensional ion
diffusion and electrical conductivity. Such studies could be carried out as a function of both

temperature and humidity.
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(a) Idealised structure of muscovite mica with two tetrahedral layers of SiO4

above and below an octahedral layer of AlOs. One in four Si in the tetrahedral layers is

randomly substituted for Al and the resultant negative charge is neutralised by the K*

between the centres of hexagonal SiO4 rings in opposing tetrahedral layers. (b) [110]

projection, showing the hydroxyl groups in the octahedral layers that are not shared with the

tetrahedral layers. (c) The basal plane [001] of the cleaved surface showing the ditrigonal

symmetry of the oxygen hexagons, the a and b vectors of the unit cell, and the [110]

symmetry axis.

Adapted from L. Cheng, P. Fenter, K.L. Nagy, M.L. Schlegel, N.C. Sturchio, Phys. Rev. Lett.

87 (2001) 156103 (a) and T. Fukuma, Y. Ueda, S. Yoshioka, H. Asakawa, Phys. Rev. Lett.

104 (2010) 016101 (b,c).
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Figure 2 Examples of the two types of AFM image of the mica surface. a) Hexagonal
rings of SiO4 tetrahedra; b) Hexagonal array of bright spots with periodicity of 0.53nm. a)
and b) reprinted with permission from Kuwahara (Phys Chem Minerals 26 (1999) 198-205. c)
Example of the two types of mica lattice acquired in a single AFM image, demonstrating the
importance of the tip-sample interaction on the observed surface topography. Reprinted with

permission from Coleman et al. Surf Sci 297 (1993) 359-370.
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Figure 3 The ditrigonal symmetry of the mica lattice taken using contact mode AFM
under water. a) and b) Reprinted with permission from Fig. 5 of Kuwahara, Phys Chem
Minerals 26 (1999) 198-205. c¢) Reprinted with permission from Fig. 2c¢ of Kuwahara, Phys

Chem Minerals 28 (2001) 1-8.
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Figure 4 Work of cleavage as a function of depth of cleavage in mm for mica crystal in
a vacuum of 10" mm Hg (1 torr) - after an initial 3 mm of cleavage at 720 torr. 1 erg/cm?=1
mJ/m?. Note the dramatic rise in the work as the charge on the surfaces increases during
cleavage at a speed of 0.5 mm s™! (curve 2), and the fall as a discharge occurs, and how this
variation is significantly smaller for a slower cleavage speed of 0.05 mm s™! (curve 1).

Reprinted with permission from M.S. Metsik, J. Adhesion 3 (1972) 307-314.
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Figure 5 (a) Cross-section through surfaces parallel to one cylinder axis, (b) actual
surface configuration during capillary-condensation experiment in the SFA. From T. Kovécs,
T., H. K. Christenson, Faraday Discuss. (2012) 159, 123-138 (Reproduced by permission of
The Royal Society of Chemistry).

(c) The annular condensate around contact of surfaces becomes a bridge of liquid on
separation of the surfaces and the bridge then evaporates and snaps, turning into two droplets

on the opposing surfaces.
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Figure 6 The natural logarithm of the water activity (= fractional degree of saturation)

as a function of the inverse radius of the condensate-liquid interface, for water condensing
from the nonpolar liquid octamethylcyclotetrasiloxane, around the contact point of two
crossed cylinders of mica. The different points are from separate series of measurements
with different mica surfaces. The solid line is the prediction of a modified Kelvin equation
(eq. 1), and the dashed line is a least-squares fit to the data.

Reprinted with permission from H.K. Christenson, J. Colloid Interface Sci. 104 (1985) 234.
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Figure 7 AFM tapping mode images of crystallites on air-cleaved mica surface after

drying over P>Os, showing the hexagonal symmetry that is most likely caused by the
pseudohexagonal/ditrigonal symmetry of the mica basal plane. Images by N. Maeda and M.

M. Kohonen.
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Figure 8 — Interfacial curvature of water condensates between mica surfaces below zero (a)
and at room temperature (b). The symbols in (a) are the results of 3 separate series of
measurements with different mica surfaces and the solid line is the prediction of the
modified Gibbs-Thomson eq (eq. 5). The dashed line is the predicted result if the
condensates contain dissolved KoCOs from all K* on the mica surfaces in contact with the
condensate.

The open squares in (b) are the results with hydrogen mica at room temperature, and the solid
line is the prediction of the Kelvin eq (eq. 1). The open circles are the results with potassium
mica at room temperature and the dashed line is a least squares fit to these points. The dotted
line is a rescaling of the fit to the experimental points of Figure 6 to take into account the
difference between the surface tension of water and the interfacial tension between OMCTS
and water. The agreement between the dotted and the dashed line shows that there are

similar concentrations of K>COs in the water condensing from vapour and from OMCTS.
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Figure 9 Water vapour adsorption isotherms measured on hydrogen mica (dashed line) and

potassium mica (solid line) at 22.7 °C in terms of mean water layer thickness (left ) or

average number of water molecules per lattice charge, or K* for freshly cleaved mica. Note

the significant reduction in the knee of the adsorption term at low p/po values on replacement

of the K* with H*., but the experimentally insignificant change p/po> 0.5. The inset shows

The repulsive van der Waals force between the mica and the vapour-water interface

calculated from the adsorption isotherms is shown in the inset for K*-mica (solid line) and

H*-mica (dashed line).The gray line shows the predictions of the Lifshitz theory.

Reprinted with permission from T.E. Balmer, H.K. Christenson, N.D. Spencer, M.

Heuberger, Langmuir 24 (2008) 1566-69, Copyright 2008, American Chemical Society.
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Figure 10 a) Schematic representation of a liquid capillary bridge between an AFM tip

and a surface: r1 and r2 are principle radii of curvature of the liquid bridge; R¢is the radius of
curvature of the AFM tip; 01 and 6> are contact angles with the tip and surface respectively.
b) A comparison of force curves in water and ambient air environments demonstrating the
large adhesive force cause by the capillary bridge in air. Tip deflection corresponds to the
force on the AFM cantilever. The capillary interaction causes 120nm of negative deflection
of the cantilever towards the mica surface, which for the nominal spring constants of the
cantilevers used here (0.1-0.4 Nm"), puts the capillary force in the range 12-48 nN. a) Fig. 1
and b) Fig. 2 reprinted with permission from Sedin and Rowlen, Anal Chem, 72 (2000) 2183-

2189, Copyright 2000, American Chemical Society.
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Figure 11 Schematic of a scanning polarisation force microscopy (SPFM) set-up. A few
volts DC are applied to the conducting cantilever and tip to produce the electric field. A
frequency dependent AC voltage is used to induce the polarisation signal of the dielectric
between the tip and surface. A combination of demodulation and two feedback loops are used
to separate the surface topography and contact potential contributions. Reprinted with
permission from Fig. 17 in Verdaguer et al., Chem Rev. 106 (2006) 1478-1510, Copyright

2006, American Chemical Society.
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Figure 12: a) Example of SPFM image showing two phases of water on mica where the

higher one (proposed as phase II) shows evidence of hexagonal symmetry. b) Proposed ice-
like bilayer structure of water on mica from sum-frequency generation (Bluhm et al., 2000)
and SPFM. Reprinted with permission from Figs. 18 and 20 in Verdaguer et al., Chem Rev.

106 (2006) 1478-1510, Copyright 2006, American Chemical Society.
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Figure 13 a) Schematic representation of an idealised patchy Ni-mica surface where 50%

of the surface has been ion-exchanged with Ni and the other 50% remains as either K-mica,
H-mica or Mg-mica, the exact composition of which should depend on the buffer conditions
under which DNA is deposited onto the surface. b) and c) are schematic representations of
linear DNA molecules adsorbing to the mica surface, showing how the final surface
conformation will depend on both the trajectory from bulk solution and both the composition
of the mica surface and the bulk solution. b) Represents surface equilibration where long
range forces dominate and c) represents kinetic trapping where short range forces dominate.
Reprinted with permission from Fig. 2 in Billingsley et al. Nanotechnology 25 (2014)

025704.
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Figure 14 Scanning electron microscopy images of calcite precipitated on mica surfaces
from a metastable solution of 5 mM CaCl; and SmM Na>CO;s after 2h. Left-hand image
shows unoriented crystals on freshly cleaved mica, the centre image shows more oriented
crystals on mica weathered for 1 hour in laboratory air at a humidity of ca. 40% before
precipitation, and right-hand image has almost all calcite crystals oriented after 12 h of
weathering time before precipitation. Note the two orientations of the calcite crystals 180°

apart, indicated by the arrows. Images by Dominika Nowak.
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Figure 15 SEM images (back-scattered electron mode) of WO3 nanowires grown on two
‘face-to-face’ mica cleavage planes (a and b). The orientation and length of the WO3
nanowires are sensitive to the amount of K on the surface, so the large difference between the
images shows that there can be a significant asymmetry in the K distribution on cleavage.

From 1. Matolinova, M. Gillet, E. Gillet, V. Matolin, Nanotechnology 20 (2009) 445604.
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